We report here an in vitro system designed to study the interactions of vesicular stomatitis virus (VSV) proteins with cellular membranes. We have synthesized the VSV nucleocapsid (N) protein, nonstructural (NS) protein, glycoprotein (G protein), and membrane (M) protein in a wheat germ, cell-free, protein-synthesizing system directed by VSV 12 to 18S RNA. When incubated at low salt concentrations with purified cytoplasmic membranes derived from Chinese hamster ovary cells, the VSV M and G proteins bind to membranes, whereas the VSV N and NS proteins do not. The VSV M protein binds to membranes in low or high divalent cation concentrations, whereas binding of significant amounts of G protein requires at least 5 mM magnesium acetate concentrations.
surface of the viral membrane (3) . There are from CHO cells. Stocks of VSV (pure B particles of three other known viral proteins, the VSV nu-the Indiana serotype) were grown in CHO cells and cleocapsid (N) protein, the nonstructural (NS) purified as described previously (20) . protein, and the viral transcriptase (L) protein.
Preparation of VSV 12-186 polyribosomal RNA. These three proteins are associated with the The procedure described by Palmiter (15) was used core ofthe virus particle (16, 23, 24) . Each of the with several modifications for the preparation of five viral proteins is synthesized from a mono-VSV 12-18S polyribosomal RNA. CHO cells growing cistronic mRNA (9, 13, 14) .
at 37°C
were infected with VSV at a multiplicity of 3 risngtic m arNAl(9 13, 14) . PFU/cell as described previously (20) , except that 5 During the early stages in the maturation Of~.tg of actinomycin D per ml was added at the beginthis virus, host cell membranes are modified ning of infection.
[3H]uridine (70 Ci/mmol, 25 ,uCi/ with the VSV G and M proteins. Cell fractiona-ml; New England Nuclear Corp.) was added 2 h tion studies of VSV-infected cells have shown postinfection. Infected cells were harvested at 4.5 h that the VSV M and G proteins rapidly become postinfection, suspended in sucrose-TKM buffer associated with the membrane fraction of the (0.05 M Tris [pH 7.5], 0.025 M KCl, 0.005 M magnecells after their synthesis (5, 11, 12, 24) . Nucleo-sium acetate, 0.25 M sucrose), and disrupted with 10 capsid structures containing the genome RNA strokes of a tight-fitting Dounce homogenizer. Nuas well as the viral N, NS, and L proteins are clei were removed by centrifugation (1,000 x g for 2 asswemlld as the vira plaNsm. andsLptroteisures min). The resulting cytoplasmic extract was centriassembled in the cytoplasm. These structures fuged at 20,000 x g for 20 min, and the pellet (membecome associated with membranes modified branes) was suspended in sodium dodecyl sulfate by viral proteins, and budding of the progeny (SDS) buffer (0.5% SDS, 0.01 M Tris [pH 7.4], 0.1 M virus from the membrane takes place (5, 12, NaCl, and 0.001 M EDTA). The supernatant was 22) . made 0.1 M with respect to magnesium acetate,
We report here an in vitro system designed incubated 1 h on ice, and spun at 40,000 x g for 20
to study the interactions of viral proteins with min. The pellet (free polysomes) was resuspended in cellular membranes. The VSV N, NS, M, and G SDS buffer. The nuclei were washed three times in proteins have been synthesized in a cell-free TKM buffer containing 1% Nonidet P-40 and 0.5%
proteins have been synthesizedinacdeoxycholate. The nuclear wash was precipitated in system. When mixed with cytoplasmic mem-70% ethanol, and the precipitate was suspended in branes derived from Chinese hamster ovary SDS buffer. The RNA in membranes, free poly-(CHO) cells, the VSV M and G proteins made in somes, and nuclear washes was mixed, layered onto the cell-free reaction have an affinity for cellu-7 to 30% sucrose gradients buffered with SDS buffer, and centrifuged at 20°C at 24,000 rpm for 17 h in a over the diluted incubation mix, and the gradient Beckman SW27 rotor. Gradient fractions containing was centrifuged at 22,000 rpm for 18 h at 5°C. the VSV 12-18S RNA were pooled, and the RNA was Polyacrylamide gel electrophoresis. Pooled fracprecipitated twice in ethanol and finally dissolved in tions from discontinuous gradients were prepared water.
for polyacrylamide gel electrophoresis by acetone Preparation of cell membranes. The protocol for precipitation. Two volumes of acetone were added the preparation of cell membranes is a modification (samples containing dense sucrose were first diluted of that described by Adelman et al. (1). CHO cells with water), the mixture was incubated on ice for 30 (1.5 liters at 5 x 105 cells/ml) were harvested by min, and the precipitate was collected by centrifugacentrifugation, suspended in cold sucrose-LTM tion. The precipitate was washed with acetone, buffer (0.001 M Tris [pH 7.4], 0.5 mM magnesium dried, suspended in gel sample buffer (0.5% SDS, acetate, 0.25 M sucrose), and disrupted with 15 Tris-glycine [pH 8.9], 0.1 M 8-mercaptoethanol), strokes of a tight-fitting Dounce homogenizer. Nuand boiled for 2 min. Polyacrylamide gels (8.5%) clei were removed by centrifugation and washed two were prepared and run as described by Laemmli times with sucrose-LTIMbuffer. The nuclear washes (10) . were combined with the cytoplasmic extract and After electrophoresis, the gels were fixed in 25% overlayered on top of a preformed discontinuous gra-isopropanol-10% acetic acid, sliced vertically, dried, dient containing 10 ml of 60% sucrose and 10 ml of and exposed to X-ray film. 20% sucrose (dissolved in LTM buffer). The gradients were centrifuged for 18 To prepare cellular membranes free from bound CHO membranes as described above. After inribosomes, cellular membranes were made 0.5 M cubationthemembraneswererepurifiedbyfibwith respect to KCl and 5 x 10-4 M with respect to tation in discontinuous sucrose gradients (see puromycin. The membranes were incubated at 4°C above). When membranes are centrifuged to for 1 h and then 10 min at 25°C. The membranes equilibrium in a discontinuous sucrose grawere made 70% with respect to sucrose, placed in the dient, the membranes band in the sucrose laybottom of an SW27 polyallomer tube, and overlay-ers according to their density (2, 8) . Thus, if ered with 20 ml of 60% sucrose and 10 ml of 20% membranes are placed in the bottom of a centrisucrose. The gradients were centrifuged for 18 h at fuge tube in very dense sucrose, due to their 22,000 rpm and 5°C. The membranes that float up to lipid content membranes will float to the region the interface between the 60 and 20% sucrose layers of the gradient corresponding to the density of are defined as stripped, cellular membranes. Memthe granent protein the des of branes were stored at -70°C in 45% sucrose. the membranes. Any protein that becomes asCell-free protein synthesis. Wheat germ extracts sociated with membranes should float up in the were prepared as described by Roberts and Paterson discontinuous gradient to the region of the (18), except that the extracts were spun at 20,000 x g membrane bands. Any proteins not associated for 15 min. beled protein made in the cell-free reaction reDiscontinuous sucrose gradients. VSV proteins mained at the bottom of the tube in the 70% made in a cell-free, protein-synthesizing system and sucrose layer. However, some material labeled CHO membranes were incubated together at 370C with [35S]methionine did float to the interface of for 15 min, diluted with 2 ml of cold 70% sucrose dissolved in LTM buffer, and placed in the bottom of the 60 and 45% sucrose layers and into the 45% an SW27.1 tube. A total of 7 ml of 60% sucrose-LTM sucrose layer. The maximum amount of radiobuffer, 4 ml of 45% sucrose-LTM buffer, and 3 ml of activity associated with the membrane region 20% sucrose-LTM buffer was sequentially layered of the gradient was 6.5% of the total input Arrows mark the regions of the gradient that con- Figure 20 shows the polypeptide composition tained visible membrane bands. The major mem-of material isolated from the membrane region brane band was at the interface between the 60 and of a gradient that contained VSV proteins but 45% sucrose layers. no added membranes. There was negligible material in these gels. counts. Figure 1A also shows the pattern of Binding of VSV proteins with stripped CHO radioactivity across a gradient that contained membranes. Adelman et al. (1) have reported membranes and a wheat germ cell-free reac-a procedure designed to nondestructively strip tion to which no exogeneous RNA was added. membranes of ribosomes. This procedure inThere was negligible radioactivity in the mem-volves incubation of membranes with high salt brane region of the gradient.
(0.5 M KCl) and puromycin. VSV proteins Figure 1B shows the profile of radioactivity made in a cell-free reaction directed by VSV 12-across gradients that contained only cell-free 18S RNA were incubated with stripped CHO reactions with no added membranes. There was membranes, and the incubation mixture was little radioactivity at the interface between the centrifuged in a discontinuous sucrose gradient 60 and 45% sucrose layers or in the 45% sucrose as described above. The pattern of trichloroacelayer. Therefore, the peak of [35S]methionine-tic acid-precipitable radioactivity across the labeled protein at the 60%-45% interface and in gradient is shown in Fig. 3 . the 45% sucrose layer in gradients that conAs before, most of the [35S]methionine-latained VSV proteins and added CHO mem-beled protein made in the cell-free reaction rebranes must be due to an association of the mained at the bottom of the tube. However, (Fig. 1) .
3ỹ
There was, therefore, a small amount of endog-6 --~~~~~~~~~~~enous wheat germ protein made in the cell-free x reaction that associated with added stripped CHO membranes. (Fig. 1B, fractions 14 tained endogenous wheat germ proteins. Autoradiograms were exposed to X-ray film for 3 days. As 0/0 S u c ro s e noted previously (9, 19) , the VSV NS protein migrates slower than the VSV N protein on Laemmli  FIG. 3 . Isolation of VSV protein-stripped memgels, but on other gel systems this protein migrates brane complexes on discontinuous sucrose gradients. faster than the VSV N protein (6, 7, 11, 13, 14) . The proteins present in the membrane region after the cell-free reaction was essentially comof the gradient (fractions 19 to 28, Fig. 3 ), as plete. It might be argued that the association of well as in the bottom ofthe gradient (fractions 1 the VSV M and G proteins to membranes is due to 10, Fig. 3 ), were electrophoresed in 8.5% to a protein-RNA-membrane interaction which polyacrylamide gels. Densitometer scans of the could arise if the mRNA-ribosome complexes autoradiographs are shown in Fig. 4 . The poly-(containing nascent chains) have a specific afpeptides associated with the membrane peaks finity for membranes. This sort of interaction were the VSV M protein and very small has been ruled out in the following way. A cellamounts of the VSV G protein. Thus, the speci-free reaction directed by VSV 12-18S RNA was ficity of VSV protein binding to stripped mem-treated with pancreatic RNase (50 ,ug/ml, 15 branes is the same as the binding to unstripped min at 37°C) after the cell-free reaction was membranes, but the amount of binding to un-completed. This digestion completely solubistripped membranes is three-to fourfold less lizes [3H] uridine-labeled VSV 12-18S RNA than that observed with stripped membranes. present in the reaction. After RNase digestion, Because the binding of VSV proteins to stripped uninfected CHO membranes were stripped membranes was enhanced, but the added to the cell-free products, the mixture was specificity of the binding was not altered, all incubated for 15 min at 37°C, and the memfurther experiments were done with stripped branes were reisolated on a discontinuous sumembranes.
crose gradient as described above. The profile of The dashed line in Fig. 4 is the densitometer trichloroacetic acid-precipitable radioactivity scan of the gel that contained endogenous across the gradient was identical to that obwheat germ protein associated with stripped tained when RNase treatment was omitted (not CHO membranes. No discrete protein peaks shown). The material in the discontinuous gracould be seen in this gel. Thus, the material in dient was acetone precipitated and electrophoa cell-free reaction directed by VSV mRNA that resed on 8.5% polyacrylamide gels. Figure 5 associates with membranes is VSV protein and shows densitometer scans of autoradiographs of not endogenous polypeptides.
the sliced, dried gels. Figure 5A shows the maBinding of VSV proteins to stripped mem-terial present in the bottom of the discontinbranes in the presence of RNase. In the experi-uous gradient, and figure  FIG. 5 . Effect of RNase on protein-membrane asshows densitometer scans of autoradiographs. (A) sociation. The figure shows densitometer scans of Acetone precipitates of material not bound to mem-autoradiographs of polyacrylamide gels that conbranes (fractions 1 to 10 of discontinuous sucrose tained acetone precipitates ofmembrane-VSVprotein gradient shown in Fig. 3). (B) acetone precipitates of complexes formed in the presence of pancreatic membrane-associated material (fractions 19 to 27 of RNase (50 ig/ml). Conditions ofthe incubation were the discontinuous sucrose gradient shown in Fig. 3 ). identical to those described in the legend to Fig. 3 The material in the membrane regions of stripped membranes (1 mg ofprotein/ml) were mixed each gradient was acetone precipitated and with a 50 id ofcell-free reaction and varying concenelectrophoresed on 8.5% polyacrylamide gels. trations of magnesium acetate. After centrifugation, Figure 6 shows densitometer scans of autoradi-portions ofeach gradient fraction were trichloroacetic ographs of the sliced, dried gels. With increas-acid precipitated, and the radioactivity present was ing magnesium acetate concentrations, there is determined by liquid scintillation counting. Mema significant increase in the binding of the VSV brane fractions ofeach gradient were pooled, acetone glycoprotein to membranes, but little altera-precipitated, and electrophoresed on 8. 
DISCUSSION
tions would have to be disrupted without denaWe have described a system with which to turing the individual polypeptides. Proteins study in vitro the initial association of viral synthesized in a cell-free protein system are proteins with cellular membranes. The source made in very low concentrations, and they are of the viral proteins for these experiments was made in the absence of viral replication and the products of a wheat germ cell-free protein-transcription. Therefore, VSV protein comsynthesizing system directed by VSV 12-188 plexes may be avoided to some extent. In addipolyribosomal RNA. For these studies, proteins tion, during infection the majority of the viral made in a cell-free reaction have several advan-M and G proteins are associated with cellular tages over proteins isolated from virus-infected membranes (11, 22) , and all VSV M and G cells or purified virions. A difficulty with pro-proteins in virus particles are associated with teins isolated from infected cells or virus parti-membranes (3, 4, 23) . For use in membrane cles is that there are associations between viral reconstitution studies, proteins isolated from proteins which reflect the various stages in infected cells or virions must be freed from viral morphogenesis. For example, much of the membranes. Purification of membrane proteins intracellular N, NS, and L proteins are found in a soluble, biologically active form in the in nucleocapsid structures that contain ge-absence of detergent is difficult (17) . Cohen et nome-sized RNA (16, 22, 24 whereas significant binding of the VSV glycoThe cell-free extracts used for protein synthe-protein requires higher Mg2+ ion concentrasis were prepared so as to eliminate as much tions. Studies on membrane reassembly have membranous material as possible in order to shown that the reconstitution of membrane reduce the amount of protein membrane inter-proteins and membranes often requires the action that might take place during the synthe-presence of divalent cations, preferably Mg2+ sis of these proteins. It is impossible to rule out (17) . It is thought that the divalent cations act the presence of lipid and/or protein molecules to neutralize negatively charged groups on the present in the cell-free extracts that may asso-surfaces of membranes which interfere with ciate with the viral proteins.
membrane reassembly due to electrostatic reAnother possible difference between viral pulsion (17) . Therefore, the results reported proteins made in a cell-free reaction and those here suggest that at pH 7.5 the VSV membrane isolated from virions or infected cells is the protein may have positively charged regions in extent of glycosylation on the viral G protein. the molecule that can directly interact with the The viral glycoprotein isolated from infected surface of negatively charged membranes. cells or from virus particles is glycosylated or in However, the VSV glycoprotein may require various stages of glycosylation (7, 21) . Thus, these charges to neutralize with Mg2+ ions bestudies of the initial association of the polypep-fore it can associate to any significant degree tide component of the glycoprotein with mem-with cellular membranes. brane might be complicated by the presence of Using the system we have described, we have carbohydrate on the molecule. The glycoprotein found that the VSV M and G proteins associate made in a cell-free system derived from wheat with an uninfected cellular membrane fraction. germ is thought to be underglycosylated or un-We feel that the membrane-protein association glycosylated (9, 13) .
we see is not due to nonspecific aggregation of The membranes we have used in these stud-proteins with membranes. In all of our experiies are cytoplasmic cellular membranes. We ments the VSV N and NS proteins, which are have made no attempt to fractionate these defined as nonmembrane proteins, are present, membranes into the various kinds of mem-yet at low divalent cation concentrations (5 mM branes found in the eukaryotic cell. We have magnesium acetate) they associate only neglifound, however, that stripping membranes of gibly with cellular membranes. At higher magribosomes with puromycin and high salt facili-nesium acetate concentrations the N and NS tates the binding of the viral membrane pro-proteins begin to bind to membranes, but the teins to membranes. relative amount of binding is still much lower In our system we have consistently defined than that observed for the VSV M and G promembranes as those components that float in a teins. These results have been verified with sucrose gradient. Any proteins that become as-seven different stripped membrane preparasociated with a cellular membrane fraction will tions and two different unstripped membrane float up in the gradient. Thus we have avoided preparations. possible artifacts due to protein aggregation.
The results presented here suggest that both The discontinuous sucrose gradients contained the VSV membrane protein and glycoprotein up to 10% of the input radioactivity in a pellet. inherently have an affinity for cellular memAll of the viral proteins are represented in this branes. This property may, in part, explain pellet. This material may indicate a small why these proteins seem to associate with inamount of aggregation of the proteins made in tracellular membranes immediately after their the cell-free reaction. This material, if not synthesis (5, 11, 24) .
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